Tomato is an important crop from nutritional and economical points of view, and it is grown in greenhouses, where special substrates and the use of recycled water imply an increased risk of Cd accumulation. We investigated tomato root responses to low (10 µM) and high (100 µM) Cd concentrations at the root proteome level. Root extract proteome maps were obtained by 2-DE, and an average of 121, 145 and 93 spots were detected in the 0, 10 and 100 µM Cd treatments, respectively. The low Cd treatment (10 µM) resulted in significant and higher than 2-fold changes in the relative amounts of 36 polypeptides, with 27 of them identified by mass spectrometry, whereas the 100 µM Cd treatment resulted in changes in the relative amounts of 41 polypeptides, with 33 of them being identified. The 2-DE based proteomic approach allowed assessing the main metabolic pathways affected by Cd toxicity.
Introduction
Cadmium is highly toxic to plants and animals [1] . In particular, Cd toxicity in crops has become a serious problem, especially in developed countries. Cadmium is released into the environment by human activities such as mining, agricultural use of commercial fertilizers, sewage sludge, manure and lime and industrial activities that release air pollutants and effluents with high Cd concentrations [2, 3] . Food chain contamination is the main Cd exposure risk for humans, and Cd taken up by plants is accepted to be the main source of Cd accumulation in foods [4] . Cadmium is suggested to cause damage even at very low concentrations, and healthy plants may contain Cd levels that are toxic for mammals [5] .
In polluted soils, Cd is generally present as a free ion or in other soluble forms, and its mobility depends on pH and on the presence of chelating substances and other cations [6] . It is accepted that Cd is taken up by roots via Fe/Zn transporters because of the low metal specificity of these proteins. There is evidence that metal transporters from different families such as ZIP and Nramp are able to transport several divalent cations, including Cd [7, 8] . Also, it has been described that a Ca
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transport mechanism could be involved in Cd uptake [9] . Little is known about the chemical form(s) in which this heavy metal is present in the xylem, although it has been suggested that it may be associated with organic acids [10] . Common symptoms of Cd toxicity in plants are a marked growth inhibition [11] , leaf chlorosis and appearance of leaf necrotic spots [11, 12] . Physiological effects of Cd toxicity in plants include changes in photosynthetic efficiency, respiration and transpiration [11] [12] [13] and alterations in nutrient homeostasis, including changes in Mn, K, Mg and Ca uptake rates [11, 14] and a Cd-induced Fe deficiency [11, 12] . At the cellular level, Cd toxicity is known to cause alterations such as membrane damage, disruption of electron transport, inhibition/activation of enzymes and interaction with nucleic acids [15, 16] . Possible mechanisms by which these disorders are generated are an induction of oxidative stress and competition with other metals such as Zn, Fe, and Mn, which are cofactors of many enzymes [14, 17] . One of the main Cd detoxification mechanisms in plant cells is the synthesis of phytochelatins (PCs) [18] . Phytochelatins have high affinity for heavy metals and the metal-PC complexes are transported and sequestered in vacuoles to avoid metal toxicity [19] . Information about other detoxification/tolerance mechanisms comes mainly from the study of Cd-hyperaccumulators [20] and Cd-tolerant plants [21] , whereas less information is available in commercial crops such as tomato. These processes include metal complexation with organic acids, PCs, cysteine, metallothioneins and other low molecular weight thiols [18, [22] [23] [24] [25] and both cellular and subcellular compartmentation [22, 26] .
In recent years, proteomic profiling has been used to study the effects of Cd toxicity in plants in different scenarios. Changes in proteomic profiles induced by Cd toxicity have been described in Arabidopsis thaliana and barley cell cultures [27, 28] and in spinach, barley, Thlaspi caerulescens and poplar leaves [29] [30] [31] [32] [33] . Most of the root proteomic studies published so far have focused in model species such as A. thaliana [34] and Cd-tolerant or hyperaccumulator species such as poplar, T caerulescens and Brasica juncea [31, 32, 35] . Also, two proteomic studies have described the protective effects conferred by mycorrhizal symbiosis to roots of Cd-exposed Pisum sativum and Medicago truncatula plants [36, 37] . To our knowledge, just one study on Cd toxicity including a species of agronomical interest, rice, has been published so far [38] .
Tomato is a very important crop from nutritional and economical points of view (FAOSTAT Database, http://faostat. fao.org/). A large part of this crop is grown in greenhouses, using special substrates and fertilization techniques involving reutilization of water, therefore implying a significant risk of heavy metal concentration increases [39] . We have recently studied changes in growth, metal accumulation and physiology in tomato plants grown with low (10 µM) and high (100 µM) Cd concentrations [12] . In the present study we further investigate tomato responses to 10 and 100 µM Cd concentrations at the root proteomic level, using 2-DE techniques. Roots were selected as the first tissue to explore since they are the first step in plant Cd assimilation, thus being the main site of toxic metal exposure, and also because previous results suggested that one of the Cd detoxification strategies in tomato plants relies on Cd allocation in roots [12] . Proteomic approaches have been taken elsewhere to study other stress related responses in tomato such as Fe deficiency in roots [40] and waterlogging in leaves [41] , among others, and in general could provide a good overview of major metabolic changes occurring in response to stress.
2.
Materials and methods
Plant culture
Tomato (Lycopersicon esculentum Mill cv. Tres Cantos) plants were grown in a controlled environment chamber, as indicated in [12] . 
Protein extraction
For protein extraction, roots of two plants from the same treatment in a given batch were pooled; approximately 1 g of root material was ground in liquid N 2 using a Retsch M301 mill (Retsch GmbH, Haan, Germany), and then homogenized in 5 mL of phenol, saturated with Tris-HCl 0.1 M (pH 8.0) containing 5 mM β-mercaptoethanol, by stirring for 30 min at 4°C. After incubation, the homogenate was filtered (PVDF, 0.45 µm) and centrifuged at 5000 ×g for 15 min. The phenol phase was re-extracted for 30 min with one volume of phenol-saturated Tris-HCl 0.1 M (pH 8.0) containing 5 mM β-mercaptoethanol, and centrifuged as described above. The phenol phase was collected, and proteins precipitated by adding four volumes of 0.1 M ammonium acetate in cold methanol, using an incubation of at least 4 h at −20°C. Samples were then centrifuged at 5000 ×g for 15 min and the pellet was washed three times with cold methanol, dried with N 2 gas and resuspended in sample rehydration buffer containing 8 M urea, 2% (w/v) CHAPS, 50 mM DTT, 2 mM PMSF and 0.2% (v/v) 3-10 ampholytes (Amersham, Uppsala, Sweden 
Gel image and statistical analysis
Stained gels were scanned with a Bluescan48 Scanner (LaCie, Portland, OR, USA). Spot detection, gel matching and interclass analysis were performed with PDQuest 8.0 software (BioRad). The spots were also manually checked, and a high level of reproducibility between normalized spot volumes was found in the different replicates (Table S1 ). Univariate and multivariate statistical analyses were carried out, using only spots present at least in 80% of gels in the same treatment. Differentially expressed spots were defined using a Student t-test (p < 0.10). Partial Least Square (PLS) analysis was carried out using Statistica software (v. 9, Statsoft Inc. Tulsa, OK), either using all the spots or only those identified successfully by MS (see below).
2.5.
In gel digestion and sample preparation for mass spectrometric analysis
Spots showing changes statistically significant (at p < 0.10) and above a 2-fold threshold were excised automatically using a spot cutter (ProPic station from Genomic Solutions, Holliston, MA, USA, or EXQuest from BioRad) and then digested automatically using a ProGest protein digestion station (Genomic Solutions). The digestion protocol started with two de-staining steps, 30 min each, with 40% v/v acetonitrile (ACN) containing 200 mM NH 4 HCO 3 , followed by two washing steps, first with 25 mM NH 4 HCO 3 for 5 min and then with 50% v/v ACN containing 25 mM NH 4 HCO 3 , for 15 min. After washing, gel spots were dehydrated with 100% ACN for 5 min, and then dried. Gel spots were rehydrated with 10 µL of a trypsin solution (12.5 ng µL − 1 in 25 mM (NH 4 ) 2 CO 3 ) for 10 min and then digested for 12 h at 37°C. Digestion was stopped by adding 10 µL of TFA 0.5%. Peptides were purified automatically using a ProMS station (Genomic Solutions) with a C 18 microcolumn (ZipTip, Millipore, MA, USA), and eluted directly onto a MALDI plate with 1 µL of matrix solution (5 mg mL − 1 CHCA in 70% ACN/ 0.1% TFA v/v).
MALDI-TOF-MS, LIFT TOF-TOF analysis and identification of proteins
Peptide mass fingerprint spectra were determined on a 4700 Proteomics Analyzer (Applied Biosystems, Foster City, US) in positive ion reflector mode. Each spectrum was internally calibrated with m/z signals of porcine trypsin autolysis ions, and the typical mass measurement accuracy was ± 20 ppm. Whenever possible, fragmentation spectra of the five most intense peaks were obtained for each sample. The measured tryptic peptide masses were searched in the NCBInr database 20070131, taxonomy Viridiplantae (283,672 sequences), using MASCOT software (Matrix Science, London, UK). When available, MS-MS data from LIFT TOF-TOF spectra were combined with MS peptide mass fingerprint data for database search. The following parameters were used for the database search: green plants taxonomic group, complete carbamidomethylation of cysteine residues, partial oxidation of methionine residues, mass tolerance of 100 ppm and one miscleavage allowed. MASCOT protein scores >76 were considered as significant (p < 0.05). Protein scores are derived from ion scores as a non-probabilistic basis for ranking protein hits. Sequence coverage was always above 16% and at least 9 peptides were matched to the identified protein when peptide sequencing was not possible.
Metabolic pathway identification for proteins
We used the KOBAS software (http://kobas.cbi.pku.edu.cn) to assign the biochemical pathway for each protein identified by MS [40] . This software assigns a given set of proteins to known pathways in the KEGG database (http://www.genome.jp/kegg/ pathway.html). All proteins in a common pathway were grouped manually. When no information was available in the KEGG database we searched for GO (http://www.geneontology. org/) annotation of the individual proteins.
Results and discussion
In a previous study we found that plant growth was reduced in both Cd treatments (10 and 100 µM Cd), and that leaves showed chlorosis symptoms when grown at 10 µM Cd and necrotic spots when grown at 100 µM Cd [12] . Root browning was observed in both treatments. Changes in plant mineral concentrations, including Cd, and in several metabolic activities related to C metabolism and in photosynthetic parameters were also found [12] . These previous results suggested that Cd detoxification strategies in tomato plants grown in the presence of Cd rely on root Cd accumulation, although at high Cd concentrations roots are overloaded with Cd and a significant mobilization to the shoots occurs.
Protein expression profiles and pathway analysis
Changes induced by Cd toxicity in the polypeptide pattern of root extracts from tomato plants grown at different Cd concentrations (0, 10 and 100 µM Cd) were studied by 2-DE (IEF-SDS PAGE). Typical real scans of 2-DE gels obtained from root extracts from 0, 10 and 100 µM Cd supplied plants are shown in Fig. 1A , B and C, respectively. A total of 140 spots were consistently detected in gels of root extracts (spots present at least in 80% gels of one class or 50% of total gels). The average number of detected spots was (in mean ±SD) 121 ± 33, 145 ± 35 and 93 ± 38 in 0, 10 and 100 µM Cd 2-DE gels, respectively; approximately 87, 86 and 78% of spots were consistent in each class, respectively. To better describe changes in polypeptide composition we built a composite averaged virtual map containing all spots present in all 15 gels (5 per treatment; Fig. 1D , E and F). The intensity of 43 and 45 spots changed significantly in the 10 and 100 µM Cd treatments, respectively, when compared to the control (Student t-test, p < 0.10). From these, 36 and 41 spots showed a relative intensity change above 2-fold in the 10 and 100 µM Cd treatments, respectively, when compared to the control. The PLS analysis showed a good separation between treatments when using all spots ( Fig. 2A) , and similar results were obtained when the analysis was carried out using only identified spots (Fig. 2B) . The importance of the different spots in the PLS analysis is shown in Table S2 ; 19 out of the 25 most important spots were among those identified (Table 1) .
The statistical analysis of averaged maps indicated that 10 µM Cd caused increases in signal intensity of 22 spots (orange symbols in Fig. 1E ), whereas 6 spots were present in the 10 µM Cd treatment but absent in the control (red symbols in Fig. 1E ). Among them, 21 spots matched reliably to known proteins in the NCBInr database (spots labeled 1-21 in Fig. 3A and Table 1) , and their metabolic functions were assessed using KOBAS. Up-accumulated proteins belonged to different metabolic pathways including carbohydrate metabolism (spots 5, 12, 18, 19 and 21), cell wall organization (spots 2, 4, 8, 13 and 20), TCA cycle (spots 9 and 10), energy metabolism (spots 16 and 17) , and protein metabolism, including protein folding (spots 1, 7, 11, 14 and 15) and peptidases (spots 3 and 6). A smaller group of spots showed decreases in relative intensity in plants grown at 10 µM Cd when compared to the controls. These included 7 spots with lower signal intensity (green symbols in Fig. 1E ) and 1 spot not detected in Cd treated plants (blue symbol in Fig. 1E ). Out of them, six were identified (spots labeled 22-27 in Fig. 3A and Table 1) , and according to KOBAS assigned to glycolysis (spots 22, 24, 25 and 26), cell wall organization (spot 23) and TCA cycle (spot 27).
When comparing the averaged map of the 100 µM Cd treatment with that of control plants, 9 spots showed relative increases in signal intensity (orange symbols in Fig. 1F ) and 2 more were detected de novo (red symbols in Fig. 1F ). All of them were identified (spots labeled 28-36, and spots 8 and 18 in Fig. 3B and Table 1 ). Up-accumulated proteins in the 100 µM Cd treatment belonged to metabolic pathways including cell wall organization (spots 8, 28 and 36), glycolysis (spots 18 and 31) Fig. 1 -2 -DE IEF-SDS PAGE proteome maps of root extracts from 0, 10 and 100 µM CdCl 2 treated tomato plants. Proteins were separated in the first dimension in linear (pH 5-8) IPG gel strips and in the second dimension in 12% acrylamide vertical gels. Scans of typical gels of roots from 0, 10 and 100 µM Cd treated plants are shown in A, B and C, respectively. To facilitate visualization of the studied spots, a virtual composite image (D, E, and F) was created containing all spots present in the real gels A, B and C. In E (10 µM Cd) and F (100 µM Cd) spots whose intensities decreased or were no longer detected when compared to control maps were marked with green and blue symbols, respectively, and those with increased intensities or newly detected ones were marked with yellow and red symbols, respectively. and TCA cycle (spots 32 and 33). Proteins involved in different stress related processes such as pathogenesis (spots 29 and 35), protein folding (spot 30), and glutathione metabolism (spot 34) showed also relative intensity increases. A large number of spots showed decreases in relative intensity in root extracts from plants grown at 100 µM Cd when compared to control plants. These included 24 spots with decreased intensity (green symbols in Fig. 1F ) and 6 more not detected in 100 µM Cd treated plants (blue symbols in Fig. 1F ). Among them, 22 spots were identified ( Fig. 3B To summarize, between 93 and 145 spots were detected in gels from root extracts and approximately 25% and 44% of these spots showed significant changes in relative intensities as a result of exposure to 10 and 100 µM Cd, respectively (Table S3 ). The total number of spots detected was relatively low when compared to other proteomic studies in tomato roots [40, 43] . Several causes may account for this discrepancy, including i) protein extraction method and amount of protein loaded in the gels, ii) gel size, iii) pI range and iv) sensitivity of the staining method. Proteomic results described to date have shown changes in relative intensity in 5-20% of spots in response to Cd toxicity in different plant species and tissues [30] [31] [32] [33] [34] .
3.2.
Effect of Cd toxicity on metabolic pathways Overall, our results show that an up-regulation of the glycolytic pathway occurs at 10 µM Cd, whereas at 100 µM Cd a general down-regulation of the carbohydrate metabolism takes place. Reports in the literature regarding Cd-induced changes in carbohydrate metabolism proteins have been contradictory. Decreases in several proteins (enolase, GADPH, fructokinase and PGM) have been described in roots of two Cdtolerant plants, poplar and B. juncea, after exposure to 20 and 250 µM Cd, respectively, whereas in the model plant A. thaliana grown with 10 µM Cd and in A. thaliana cell cultures increases in GADPH and other glycolytic enzymes were measured [28, 34, 35, 44] . These reports, together with those in the present study, indicate that changes in carbohydrate metabolism upon Cd exposure are dose and species dependent.
Several changes were common to both levels of Cd toxicity including the increase in PDH and the decreases in fructokinase, Lycopersicon esculentum arginine and proline metabolism; nitrogen metabolism; glutamate metabolism PGM and dihydrolipoamide dehydrogenase, which may constitute a general response to Cd toxicity in tomato. The decrease in the relative amount of fructokinase in Cd toxicity indicates that glucose is preferred over fructose as initial substrate in the glycolytic pathway, and this could be related to the use of starch as an energy source instead of sucrose. This hypothesis would be in consonance with the low photosynthetic rates measured in these plants [12] that would cause a shortage of available sucrose. Interestingly, changes in the glycolytic pathway observed in the 10 µM Cd treatment have been described at the proteomic level in roots of Fe-starved tomato plants [40] . Moreover, a Cd-induced Fe deficiency has been described before at the physiological level [11, 12, 45] ; also, the Fe concentration in leaves of tomato plants grown at low Cd concentrations were 50% lower than that measured in control plants while in plants grown at 100 µM Cd leaf Fe concentrations did not change [12] . Therefore, we propose that the toxicity changes observed at low Cd are likely due to a Cdinduced Fe deficiency; conversely, changes found when plants are exposed to high Cd would reflect a shutdown of carbohydrate metabolism as result of true Cd toxicity.
3.2.1.2. TCA cycle. Aconitase (spot 9) and succinate dehydrogenase (spot 10) increased 3-and 5-fold in the 10 µM Cd treatment when compared to control plants, suggesting an up-regulation of the TCA cycle; however, at 100 µM Cd no changes in these proteins were found. Concerning malate dehydrogenase (MDH), four different spots were identified. One of them was no longer detected at 10 µM Cd (spot 27), whereas at 100 µM Cd the two more abundant spots were upregulated (spots 32 and 33, approximately 2-fold) and the two less abundant spots disappeared (spots 27 and 51) (Table S1 ). Increases in root activities of several TCA cycle enzymes, including MDH, have been described in tomato plants grown with 10 and 100 µM Cd [12] . Also, in Arabidopsis roots and Arabidopsis cell cultures increases in proteins involved in the TCA cycle have been measured after Cd exposure [28, 34] . In contrast, the relative amount of a large number of TCA-related proteins decreased in poplar roots exposed to a Cd excess [44] . These facts are in line with changes observed in glycolysis, and may point to differences between Cd-tolerant and Cdsensitive species. Also, increases in TCA-related proteins and activities have been described in roots of Fe-deficient plants [40, 46] , which again supports that low Cd exposure may elicit a response similar to that of Fe deficiency. Differences in the MDH polypeptidic pattern in Cd exposed tomato roots may be due to the existence of different isoforms, possibly with different intracellular localization (cytosolic and mitochondrial) and functions (TCA and non-TCA-related), and/or the presence of PTMs.
Energy metabolism
Low Cd treatment (10 µM) caused an increase in the relative amount of the ATP synthase subunit beta, represented by 2 spots (spots 16 and 17; 2-fold increases over control values). However, at high Cd supply, energy production seemed to be down-regulated, since the ATP synthase subunit beta (spot 48), and cytochrome c reductase-processing peptidase subunit I (spot 47) decreased markedly (by 70 and 50%, respectively) when compared to the controls. Again, results suggest that low Cd concentrations elicit responses similar to those observed in Fe-deficient roots, where respiratory activities increase [40, 46] . Interestingly, no changes in ATP synthase were measured in Cd treated poplar [44] . The decrease in energy production at 100 µM Cd might be related not only to the decreased glycolysis and TCA activities, but to other effects of Cd toxicity, as suggested by the decrease in the relative amount of a proccessing peptidase responsible for cytochrome c reductase synthesis.
Cell wall and cytoskeleton
Root Cd exposure caused a reorganization of cell wall composition at both Cd concentrations, as revealed by several protein changes. Ten micromolar induced relative increases in three proteins related to cell wall organization, Sl-UPTG1, Fig. 3 -Polypeptides identified in root extracts of plants grown with 10 (circles in A) and 100 µM Cd (squares in B). Polypeptides with significant homologies to proteins present in databases (using MALDI MS-MS and MASCOT, described in detail in Table 1) were annotated on a virtual composite gel image (see Fig. 1 ).
glucan endo 1-3 betaglucosidase A and UTP-glucose-1-phosphate uridyltransferase (spots 4, 8 and 13; 5-, 3-and 4-fold, respectively). Also, cinnamyl-alcohol dehydrogenase (spot 20) was detected de novo, and a 6-fold increase in a cytoskeleton protein, actin-51 (spot 2), was observed at 10 µM Cd. In the 100 µM Cd treatment, three of such proteins, Sl-UPTG1 (spot 36), glucan endo 1-3 betaglucosidase (spot 8) and acidic 26 kDa endochitinase precursor (spot 28) increased markedly (newly appearing, 29-and 4-fold, respectively). On the other hand, several proteins related to cell wall organization were downregulated with Cd toxicity; this included a 70% decrease in a basic 30 kDa endochitinase precursor (spot 23) at 10 µM Cd and 93 and 50% decreases of LEXYL2 (spot 42) and UDP-Dglucuronate carboxy-lyase (spot 44) at 100 µM Cd.
Cell walls participate in metal binding and can play an important role in metal tolerance and accumulation. Cell wall reorganization has been described previously in heavy metal toxicities, including Cd [47] . In particular, an increase in cynnamyl alcohol deshydrogenase has been described previously in roots grown at Cu and Cd toxic concentrations [48] . Cell wall related changes observed in both Cd treatments were different to those observed in Fe-deficient tomato roots; for instance, decreases in glucan endo 1-3 betaglucosidase occur with Fe deficiency [40] . This suggests that changes found are not related specifically to Fe deficiency but instead may reflect generic heavy metal or stress responses, as also suggested by changes in several chitinases.
Protein metabolism: protein folding and proteolysis
Seven proteins related to protein metabolism were upregulated in the 10 µM Cd treatment, whereas just one increased with 100 µM Cd. In the 10 µM Cd treatment there were relative increases in five chaperones: heat shock protein (HSP) 68 (spot 1; 3-fold), putative TPR-repeat protein (spot 7; 2-fold), chaperonin 60 beta subunit (spots 11 and 14; 12-and 2-fold) and HSP 60 (spot 15; 2-fold) and two peptidases: proteasome-like protein alpha subunit (spot 3; 2-fold) and neutral leucine aminopeptidase preprotein (spot 6; 3-fold). The 100 µM Cd treatment caused a 2-fold increase in a luminal-binding protein precursor (spot 30). Increases in chaperonin as well as in peptidase relative amounts have been described previously as a result of heavy metal toxicity and are a common marker of plant stress [44] . Chaperonins could prevent protein denaturation even in the presence of Cd in the cytoplasm, while proteases could recycle proteins unfolded by Cd. Interestingly, a larger number of these proteins was increased in the 10 µM when compared to the 100 µM Cd treatment, suggesting that in the high Cd treatment the plant has ceased to try to overcome Cd toxicity.
Others
The 100 µM Cd treatment caused increases in two plant stress related proteins, the PR5-like protein (spot 29; 3-fold) and the pathogenesis related protein P69G (spot 35; newly appearing), and also in gluthatione S-transferase class phi (GST; spot 34; 2-fold), a protein involved in gluthatione metabolism. Increases in GST, an enzyme that conjugates GSH to cytotoxic products, have been found in all root and cell culture proteomic studies on Cd toxicity to date, suggesting that this is a general plant response to Cd toxicity. On the other hand, PC synthesis has been widely described as a mechanism of Cd detoxification [19] . However, no components of S assimilation, cysteine or GSH biosynthesis were detected to change in response to Cd exposure in the present work, and just a couple of proteins related to S assimilation have been described to increase in other proteomic studies [34, 35, 44] . The absence of PCs in our gels may be due to the low MWs of these peptides, but also to experimental limitations as commented above (Section 3.1) .
A 97% and a 60% decrease in monodehydroascorbate reductase (spot 43; MDAR) and flavin mononucleotide-binding flavodoxin-like quinone reductase (spot 49; FQR1), oxidative stress protecting enzymes [49] , were measured at 100 µM Cd, and this might be associated with the increase in GST [44] . A decrease in MDAR has been also found with Cd treatment in poplar roots [44] , although the opposite occurs in B. juncea roots [35] . Interestingly, MDAR changes were not observed in tomato roots grown at 10 µM Cd. High Cd treatment caused the disappeareance of glutamate dehydrogenase (GDH, spot 53), an enzyme involved in N metabolism. A similar decrease was measured in poplar roots [44] whereas in A. thaliana cell cultures an increase in this enzyme was found [28] . A general decrease in N assimilation in roots of Cd exposed plants has been described [44, 50] . In a previous study with Cd treated tomato roots [50] , protein concentration and transcript abundance of GDH did not change with Cd toxicity whereas GDH activity increased, suggesting the existence of allosteric regulation. Since GDH was the only enzyme related to N metabolism that changed with Cd toxicity, no conclusions can be drawn from our results regarding N metabolism.
Three proteins involved in gene regulation, the transposon protein CACTA (spot 40), the transcription factor APFI-like (spot 45) and the putative transcription factor (spot 46), decreased in the 100 µM Cd treatment (by 70, 50, and 92%, respectively).
Conclusion
An overview of the results is presented in Fig. 4 . Our data suggest that different responses of the primary C metabolism occur in low vs. high Cd exposures. Low Cd toxicity (10 µM Cd) causes an up-regulation of the glycolytic pathway, TCA cycle and respiration, likely to produce energy to cope with the low photosynthetic rates of these plants [12] . These root responses, along with the leaf chlorophyll and Fe decreases [12] , are similar to those observed in Fe-deficient plants, suggesting that at least some of the low Cd tomato responses are due to Fe deficiency, as also suggested by physiological studies [11, 12, 40, 45] . At high Cd concentrations (100 µM) major decreases in growth [12] , a shutdown of the carbohydrate metabolism and decreases in respiration occur, with no consistent changes in TCA cycle-related proteins (Fig. 4) . Also, evidence for an increase in detoxifying activities (GST) was found. This suggests that effects are mainly linked to true Cd toxicity, perhaps associated to protein degradation by oxidative stress. Also, these results, along with those of other proteomic and physiological studies, indicate that different responses of the primary C metabolism at low Cd concentrations are observed in tolerant vs. non tolerant plants. In non tolerant plants, such as tomato, C and energy metabolism increase, whereas in tolerant plants, such as poplar, C metabolism decreased and energy metabolism did not change [30] .
